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INVESTIGATION  TOWARD  OBTAINING  SIGNIFICANTLY  HIGHER  MECHANICAL 
PROPERTIES  IN  AS- WELDED  JOINTS  OF 
_ HIGH-STRENGTH.  HEAT  TREATABLE  ALUMINUM  ALLOYS _ 

By 

F.  R.  Collins 

ABSTRACT 

This  report  describes  welding  techniques,  filler  metal-parent  metal 
selection  and  moderate  temperature  post-weld  thermal  treatments  to  achieve 
tensile  strengths  up  to  72,000  pounds  per  square  inch  (psi)  in  welded  heat 
treatable  aluminum  alloy  sheet. 

The  aluminum-zinc- magnesium  -copper  (Al-Zn-Mg-Cu)  alloys  7075  and 
7178  welded  with  AI  Mg  or  Al-  Mg*Zn  filler  metals  gave  higher  as-welded 
strengths  than  tlie  Al-Cii  alloys  2219  and  2014.  Although  more  susceptible  to 
weld  cracldng  than  the  Al  Cu  alloys,  7075  and  7178  showed  excellent  response 
to  post-weld  aging  when  welded  in  either  •  W  or  -T6  tempers.  A  filler  metal 
Al-4  Mg-2  Zn,  gave  welds  almost  as  strong  as  parent  filler  metal  with  less 
cracking. 

Tensile  strengths  of  70-72,000  psi  were  achieved  in  1/8-in.  7178-T6 
sheet  welded  with  Al  -Mg-Zn  filler  metal  and  post  weld  aged  eight  hours  at 
212"F  plus  three  hours  at  325“3<’.  Strength  in  the  bulge  test  was  about 
60,000  psi.  Welds  in  7075-  T6  attained  about  68,000  psi  tensile  strength 
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when  post- weld  aged  168  hrs  al  212 "F,  Both  tensile  and  bulge  strengths  ware 
about  15,000  psi  higher  for  pest- weld  aged  than  for  as- welded  joints. 

Direct  current,  straight  polarity  tungsten  inert  gas  welding  with  helium 
gave  the  most  consistently  high  strengths.  Consumable  electrode,  spray 
transfer  welding  was  next  best.  Shori-arc  consumable  electrode  welding  gave 
highest  individual  weld  strengths,  but  consistency  was  poor. 

INTRODUCTION 

The  high-strength,  heat  treated  ajuminum  alloys  such  as  2014,  2024, 
7075,  and  7178  have  strengths  between  70,000  and  90,000  psi  and  are 
attractive  materials  for  rocket  cases  and  similar  structures.  On  the  basis  of 
strength  per  unit  weight,  these  a.’ominum  alloys  are  equivalent  to  ferrous 
alioy.s  of  up  to  300,000  psi  fcns.Oe  strength.  Aluminum  structures  are  more 
rigid  because  netaj  thickness  is  greeter  than  equal  strength  and  weight  steel 
assemblies. 

Fusion  welding  is  the  preferred  moihod  for  fabricating  light-weight 
structures  oecause  it  gives  leak-tigh*,  smooth  butt  joints. 

Inert  gas  shielded  arc  welds  have  been  made  in  high-strength,  heat 
treatable  aluminum  alloys,  bui  strengths  were  usually  less  than  half  that  of 
the  base  metal  unle.ss  the  welds  were  solution  heat  treated  and  aged.  Even 
vvhun  welded  assoniblic.*^  were  s.iia.*.'  enough  to  permit  complete  post-weld 
heat  treatment,  structural  pcrJormance  often  was  unsatisfactory,  and 
performance  could  not  always  be  predicted  by  tensile  tests. 


This  invcsi!«a;icBi  'X2s  !niiia»od  to  devcloj*  arc  welding  procedures  and 
select  filler  metal  base  metal  cembinaticns  to  achieve  significantly  improved 
weld  strengths  in  high-strength,  heat  ireataole  alloys  without  post- weld 
solution  heat  treatment.  A  further  object  was  to  evaluate  test  methods  to 
predict  structural  performance  (rf  welds  in  these  alloys. 


iLATERIALS  AND  EQUlPhlENT 


The  aluminum  alloys  investigated  were  2219.  2014,  7075,  and  7178  in 

sheets  0. 064.  0, 090.  and  0. 125  in.  thick.  Filler  metals  included  2319,  2014, 

5556,  5052.  5154  .  5554.  5652  M576.  M577.  M594,  1695,  and  7277. 

Nominal  compositions  of  these  alloys  are  shown  in  Table  I. 

Equipment  for  gas  tui^stca-arc  welding  consisted  of: 

1.  Airco  Model  3ADi5  245CKABP  300  amp  AC  DC  Heliwelder 
2-  Air«r  Model  IIMK-E  Heliweid  auienutic  head 

3.  Osweld  tyiie  CM-3t  imi-iit.e  »a  cringe 

4.  36- in.  welding  tab*c  watt,  grroved  copper  backup 

Gas  metal- arc  equipment  used; 

1.  Miller  Model  CP  3VS  variable  slope  DC  welder 

2.  Aircomatic  fitter  wiie  feeder.  Model  AHF-C,  and 
Model  AHF-B  ccmrcl 

3.  Airromalic  puH  gun  Model  AH-  35A 

4.  Airco  No.  20  Radiagraph 

5.  36-in.  weldim:  table  with  gr«.oved  c  upper  backup 


Esteriinc  Angu«  Mi^cl  AW  re»-..idii^  vr.  t meter  and  ammeter  were  used 


for  each  weld. 


Shielding  gases  were  Li:jdc  high  pirity  dry  (99.995^)  argon  and 


-Airco  Grade  A  hcHum. 
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TEST  METHODS 

Inspection 

All  welds  were  inspected  visusUy  by  the  operator  for  smooth  flow  and 

/■ 

con  plete  penetration.  Each  weld  was  radiographed  using  a  suitable  penetra- 
meter  and  the  films  compared  w’th  known  standards.  No  welds  were  further 
tested  that  did  not  exhibit  a  degree  of  soundness  as  least  as  good  as  required 
for  Class  2  welds  under  Army  BalUstJC  Missile  Agency  purchase  description 
ABMA-PD-R-27. 

Tensile  Tests 

Standard  sheet-type  tensile  specimens  shewn,  in  Figure  1  were  used  for 
all  gages  of  welded  sheet  for  both  the  full-section  and  flush-bead  samples. 
Special  tensile  speclmen.s  shewn  in  Figure  2  were  used  in  the  portion  of  this 
irs’  c.stigation  confcrnrH  with  the  development  of  test  methods.  Type  HE-121- 
R2B  TatnaJl  Motalfilni  stra-n  jiages  and  appropriate  instrumentation  were 
used  to  measure  local  str.ijn. 

Bulge  Tests 

Tlie  8-in  nomina’  diameter  hydrostatic  bulge  tester  shown  in  Figures  3 

and  4  was  used  to  perform  all  the  bu'ge  tests  shown  in  this  report.  As  shown 

in  Figure  5,  bulge  height  determines  radius  of  curvature  and  stress  is 

calculated  according  to  the  fw-mvili. 

Stress  PR 
2-'o' 

Where:  P  =  Pressure  p.si  R  .  Raditis  ;  Sheet  thickness 


Corrosion  Resistance 

The  specimens  shoion  in  rigvre  6  were  used  to  determine  susceptibility 
to  stress  corrosion  crackii^.  in  this  design  pairs  of  specimens  are  stressed 
♦o  75  per  cent  of  the  yield  strength  of  the  joint  and  emosed  to  alternate 
immersion  (10  min  in.  50  min  out)  in  3-1,  2  per  cent  sodium  chloride  solution. 
General  corrosion  attack  was  evaluated  by  exposing  unstressed  soecimens  to 
the  same  environment.  Solution  potential  sm-veys  were  conducted  in  a 
solution  of  53  gm  NaCl,  3  gm  ItO.  per  liter  of  distilled  water.  Potentials 
of  the  selected  ai  eas  were  deter  mined  by  maskii^  the  remainder  oC  the 
specimen  with  wax  before  immersion.  T.he  reference  electrode  was  0. 10 


normal  calomel. 


General 


A  standard  weld  specimen  «  t  isisiing  of  two  pieces  (rf  aluminum  sheet 
/  X  16  in.  groove  welded  along  ;:.c  25  in.  utmexisiun  was  used  throughout  the 
investigatjon  except  for  the  rvimdrical  oressure  vessels.  The  sheets  we-e 
prepared  ay  sawing  or  shear  ii^  ro  size  degreasing  with  a  suitable  solvent, 
etching  in  caustic  and  nitric  soiut iens.  and  ha.",d  filing  the  abutting  et^es 
clean  and  square.  The  pieces  were  assem:oied  in  the  welding  hold-down  table 
With  run-in  and  run-t^f  u,i,s  at  the  ends.  Ail  welds  were  m.'»H^  in  the  fiat 
.iwsiiion  in-  completely  .tiuomat ir  pruceoures  Amperes  and  volts  were 
recoroed  automatically  The  oiieratci  noted  and  recorded  process  tariables 
suen  as  travel  speed,  wire  teed  siH-ed.  gas  conpesition.  and  flow  rate. 
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After  welding.  14-in.  square  panels  were  provided  for  bulge  testing  and  the 
ren  ainder  of  the  16-in.  speciniens  (at  the  finish  erid  of  the  weld)  *as  used  for 
tensile  specimens.  Each  panel  thus  provided  one  oulge  and  two  tensile 
specinrens. 

Gas  Metal  Arc  Welding  (MIG  and  MIG  Short- Arc) 

The  Airco  pull  gun  w-as  adapted  for  completely  automatic  welding  by 
attaching  it  to  an  adjiistable  arm  on  the  travel  carriage.  Mechanisms  were 
provided  for  vertical  and  horizontal  moien^ent  as  well  as  adjustment  for  fore¬ 
hand  or  .back-hanu  angle.  The  welding  power  stpply  and  wire  drive  unit 
were  adjustable  to  provide  either  conventional  spray-type  or  short-arc 
droplet-type  metal  transfer.  Typical  welding  parameters  are  listed  in  Table  II 
Gas  Tungsten-Arc  Welding  (DCSP-TIG) 

This  process  emplojred  the  automatic,  \oliage  control  tungsten-arc  head, 
helium  gas,  and  direct  current,  straight  polarity.  Th«  ^uioaiatic  wire  feeder 
was  adjustable  so  that  3  64  1. 16.  or  3  32-in.  diaaiCter  filler  wire  could  be 
used.  Ill  ail  cases  the  welding  torch  was  momtcd  exactly  perpendicular  to 
the  sheet.  Electrodes  of  2  per  cent  thoriat.J  tungsten  were  used  exclusively. 
Typical  welding  parameters  are  shown  in  Table  II. 

RESULTS 

Choice  of  Welding  Method 

Direct  current,  straight  jx>larity  gas  tungstcn-arc  (DCSP-TIG)  wielding 
proved  to  i>e  the  most  reliable  method  investigated.  Sound  welds  were 
produced  in  all  combinations  oS  plate  and  filler  metals  examined,  and  weld 
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strengths  were  consistent. 

The  gas  naetal-arc  (MIG  process)  gave  consistent  results  but  strengths 
were  always  lower  than  for  DCSP-TIG  welds  in  similar  alloys.  MIG  welds 
in  7075  and  7178  tended  to  have  transverse  roof  cracks  when  the  low^r 
magnesium  content  or  zinc-containing  filler  m^als  were  used,  because 
penetration  was  shallower  than  for  TIG  welds,  lea\'ing  unallayed  base  metal 
at  the  root. 

Consumable  electrode  (MIG)  short-arc  welding  gave  the  highest  as- welded 
properties  and  is  the  preferred  method  where  no  bachiq)  can  be  used,  since 
uniform  penetration  beads  were  obtained  with  free  dro|>-Uu-cu^.  It  was 
often  difficult,  however,  to  achiei'e  just  the  right  amount  of  penetration  with¬ 
out  undercutting.  The  MIG  short-arc  method  was  also  critical  with  respect 
to  the  composition  and  n  citing  characteristics  off  the  filler  n^tal.  It  was 
easy  to  obtain  fully  penetrated  welds  free  of  undercutting  with  231S,  4043,  3154, 
and  5554  alloy  electrodes.  More  difficulty  was  encountered  with  5556  and 
5356  alloy  electrodes.  Shielding  gas  of  two  parts  helium,  one  part  argon 
w-as  preferred. 

Little  success  was  achieved  in  producing  multipass  MiG  short-arc  welds 
in  1/8-in.  sheet  with  0.030- in.  diameter  electrode  because  of  poor  interpass 
fusion.  Thus,  for  the  heavier  sheet  gages  a  single  pass  using  0. 047- in. 
diameter  electrode  was  highly  preferred.  In  MIG  shcrt-arc  welding  the 
masimam  travel  speed  was  apprucumately  60  in.  per  min  since  be3fond  this 
speed  the  arc  oecame  unstable.  Com'entional  spray-transfer  arcs  were 
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found  to  ce  stable  at  travel  speeds  tp  to  300  in.  i}er  minute.  Another 
difficulty  eagierienced  with  MIG  short-arc  welds  was  the  critical  ctmtrol  of 
exact  arc  location,  because  of  pitch  and  cast  in  the  spooled  electrode.  A 
longer-than-standard  contact  tube  for  the  welding  head  proved  beneficial. 

JSG  short-arc  welds  were  somewhat  hard  to  start  and  it  proved  best  to  use 
a  contact  tube  to  wt)rk  distance  of  1  to  1-1/2  in.  until  the  arc  was  firmly 
established  on  a  run-in  tab,  then  reduce  it  to  the  1/4  to  3/8-in.  required  for 
accurate  control  of  arc  location  during  welding.  Welds  were  best  when  the 
torch  was  mounted  to  have  a  forehand  angle  of  about  15  degrees. 

Ijfpical  bead  contours  produced  in  1/8-in.  thick  aluminum  sheet  by  DCSP- 
TIG  and  MIG  short-arc  processes,  re^gjectively,  are  shown  in  Figures  7 
and  8. 

.Aluminun.— Copper  .Allo\-s,  2219  and  2014 

The  -Al-Cu  alloy  2219  was  shown  preriously  to  be  the  most  weldable  of 
the  commercial  high-strength,  heat  treatable  aiuminum  alloys,  being  clearly 
superior  to  other  alloys  of  this  groigj  with  reject  to  freedom  from  cracking, 
smooth  flow,  and  reproducibility  of  weld  strengths. 

The  hiidiest  as-weided  strength  in  22  iS  alloy  was  achieved  in  the  -T87 
temper  where  both  tensile  and  bulge  tests  showed  an  average  strength  of  45- 
50  KSL  Yield  .strei^th  was  improved  about  10  KSI  by  welding  2219  in  the 
-T37  tenn>er  and  post- weld  aging  to  the  -T87  temper.  Since  previous  work 
with  the  .Al-Cu  alloys  showed  little  promise  for  substantially  improved  weld 
strength  witho-ot  post-wdd  solution  heat  treatment,  it  was  decide  to  shift 


the  investigation  to  the  strcsiger  Al-Zn-Mg-Cu  alloys.  Comparative  strengths 
of  velded  2219  and  2014  alloys  are  shown  in  Table  HI. 

Aluminum- Zinc-Magnesium-Copper  Alloys,  7075  and  7178 

General  Considerations  —  Alloys  of  this  groig)  have  the  hig^st  strength 
of  any  of  the  commercial  aluminum  alloys  but  are  the  most  difficult  to  weld. 
Strengths  of  these  alloys  are  usually  less  sensitive  to  the  rate  of  quench  from 
solution  heat  treating  temperature  than  the  Al-Cu  alloys.  Under  proper 
conditions,  welds  in  the  Al-Zn-Mg-Cu  alloys  gain  a  large  measure  of  strength 
from  the  quench  achieved  in  the  welding  jig.  Thus,  despite  the  relatively 
poor  flow  and  higher  susceptibility  to  weld  cracking,  it  is  possible  under 
carefxilly  controlled  conditi  ons  to  achieve  higher  weld  strength  in  these  alloys 
than  in  the  Al-Cu  types. 

Previous  experience  showed  that  the  Al-Mg  filler  meials  were  the  best 
choice  for  strength,  reasonable  freedom  from  cracking,  and  ductility.  It 
was  also  known  that  the  strength  of  Siicb  welds  was  cmitrolled  primarily  by: 

(1)  dilution  of  the  filler  metal  by  melted  base  metal,  (2)  quench  rate, 

(3)  natural  or  artificial  aging,  and  (4)  amount  of  weld  bead  reinforcement. 

When  diluted  during  welding  by  base  metal^  7075  or  7178,  the  weld  bead 
is  an  alloy  responsive  to  heat  treatment.  A  reasonably  rapid  quench,  such  as 
that  achieved  by  automatic  weldiiw  in  heat-absorbing  fixtures,  produces  a 
solution  heat  treated  weld  area  that  age  hardens  at  room  or  elevated  ten^ierature. 
.Assuming  aging  of  welds  proceeds  in  the  same  general  manner  as  solution 
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heat  treated  base  metal,  uelds  in  7075  or  7178  should  naturally  age  in  cme 
month  to  abcnit  75-80  per  cent  of  the  strci^h  achieved  after  one  year, 
when  hardening  is  substantially  complete. 

As- Welded  Properties 

Table  IV  shows  the  mechanical  properties  of  i!IG  short-arc  and  DCSP- 
TIG  welds  in  7173  and  7075  alloys  with  no  subsequent  heat  treatment.  Hipest 
strengths  were  obtained  in  0. 064-in-  sheet  welded  using  7075  or  7277  filler 
metal.  Tensile  and  bulge  strengths  of  up  to  65  KSI  were  obtained.  Welds 
were  extremely  diflicult  to  produce  using  these  filler  metals  because  of 
excessive  hot-short  weld  cracking.  These  filier  metals  are  not  considered 
commercially  usable  on  7075  and  7178  base  metals,  and  5556  is  generally 
recommended. 

In  0. 090-in.  and  i,  S  in.  thick  sheet,  highest  as- welded  properties 
were  obtained  using  nflG  siiort-arc  with  5556  filler  metaL  Tensile 
strengths  of  55  to  60  KSI  we^r<*  atiain'-d  with  the  corresponding  bulge  strengths 
of  40  to  53  KSI.  Similar  DC5P-  TIG  we’ds  made  with  5556  fiUer  metal  showed 
50  to  55  KSI  tensile  strength  and  50  KSi  bulge  sirei^h.  Although  the 
highest  values  were  lower  than  the  highest  attained  by  the  K3G  short-arC 
method,  DCSP-TIG  welds  were  more  reproducible.  MIG  welds  made  using 
star«dard  spray-transfer  welding  conditions  were  neither  as  strong  a.s  the 
MIG  short-arc  welds  nor  reliable  as  the  EKTSP-TIG  welds. 
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Post-Weld  Aging 

Many  atananun.  aUoys  can  be  welded  in  ««  sointion  hea.-trea.ed  ienipec 
>-W)  and  posi-weld  aged  in  pc«.„ce  higher  .nechanical  prpperUes  than  can 

be  attained  in  Uieas-weldedcondiUonCRef.  1).  AUoys  7075  and  7178  proved 

renponsive  tt,  ttds  treatnient.  Post-weid  aged  MG  nhort-arc  welds  in  7178 
and  7075-W  alloys  n.ade  with  5556  electrode  showed  improved  p^c^rties  over 
as-welded  joints.  Tensile  and  hnlge  sttengths  were  56  to  60  KS,  with 
reasonable  correlation  between  bnlge  and  tensUe  tests 

7075  and  7178  attoys  are  easy  to  torn,  in  the  -W  ,as-„d,  condition. 
bntortt„.tely.  these  attoys  age  rapidly  a.  roon.  ten.perat„re  and  n.„st,  there¬ 
fore.  be  termed  and  welded  within  a  tew  hoars  atter  gaenching  to  avoid 
substantia] 

.  ■  -cn..i,.  4  .s  possible,  ol  coarse,  to  store  .Oat  sheet  to 
r.  frtgerated  containers  to  prevent  nata.  ,1  aging,  bat  this  is  no,  asaally  a 

con..n.crcn,tty  economical  or  feasible  procedure  tor  tormed  straclares  Umt 
arc  to  be  welded. 

In  uelds  produced  under  rapid  chill  condiUons,  only  a  small  portion  of 
fbe  totot  sttacinre  contotos  partiatiy  metted,  soiotton  heat  treated,  am-eated 
and  o.er-aged  rones,  it  was  tho,«ht  i,  might  be  teasibie  to  weid  tally  aged 
(-T6,  Sheet.  .ho„  age  .he  weided  assembiy  a.  a  tempenttare  tba.  would  cause 

Prcc.p.to.io„  haroeaing  in  u,e  hea-.-attecied  aaaes.  ye.  attow  toe  anatteced 

^^^tal  to  re^niaii*  i. 

>ui>Sw.tntiauv  unrhamrod  j  , 

iMii^ea.  Keheating  data  for  7075 

Odd  7178  alioys  showed  that  .en.pe.-aturcs  ct  800  td  885-p  had  UtUe.  d  any 
s-re«  on  the  meceanica,  properties  ot  -T6  temper  sheet  «et.  2). 


Welds  in  7178  and  7075- T6  sheet  were  aged  one  week  at  212‘’F  in  the 
first  tests  of  this  procedure.  This  rather  low  temperaiure  was  chosen  to  be 
sure  of  not  affecting  the  base  metal  and  to  achieve  the  desirable  fine 
precipitate  in  the  weld  area. 

Tensile  strengths  up  to  75  KSl  were  attained  in  0. 090- in.  7178-'r6  base 
metal  welded  with  M576  (4  Mg-2Zn)  filler  metal  and  aged  one  week  at  2i2‘’F. 
Strengths  of  65  to  68  KSI  were  obtained  in  1/8-in.  7178  and  7075  sheet, 
reflecting  the  slowei-  quench  achieved  in  the  thicker  sheet.  Welds  made  with 
the  zinc-containing  filler  metals  M576,  M577,  k'1594,  and  M595  were  slightly 
stronger  than  those  made  with  the  Al-k%  filler  wires  such  as  5556  and  5154. 
The  lower  kig  content  filler  metals,  5554  and  5052,  produced  tensile  strengths 
almost  as  high  as  the  high  KIg  and  Al-klg-Zn  filler  metals  but  bulge  strength 
u-as  sc-vercTy  reduced,  and  het-shert  cracking  was  more  prevalent.  This 
indicates  that  approximately  ^-4  per  cent  Mg  is  needed  in  the  filler  metal 
under  the  conditions  of  dilution  achieved  in  these  tests.  This  was  e^ecially 
ncticeable  in  the  ouige  tests  where  failures  of  welds  made  with  low  Mg  filler 
metals  usually  occurred  as  transverse  cracks  through  the  weld  bead, 
indicating  low  ductility. 

It  was  rect^ized  that  the  aging  treatment  of  one  week  at  212“F  was 
not  a  commercially  feasible  procedure;  therefore,  shorter  treatments, 

24  hrs  at  212*F  and  step  ag:ng  4  hrs  at  212*F  +  8  hrs  ar  315®F  and  8  hrs 
at  212‘’F  -r  3  hrs  at  325"F  were  tried.  -411  treatments  ga^'e  suostantial 
improve irent  over  as- welded  strengths.  The  step  aging  treatments  appeared 


to  reduce  ductility  slightly  acd  increased  notch  sensitivity,  as  eiddenced  by 
the  greater  spread  betsceen  the  bead-on  and  the  bead-cff  bulge  test  specimens. 
For  these  treatments  the  bulge  strength  was  almost  invarisbiy  higher  foar 
^ecimens  from  which  the  weld  bead  had  been  machined  flush  prior  to  testing. 

As  for  the  as-welded  i^ecimens,  MIG  short-arc  welds  that  were  post-weld 
aged  had  average  strengths  slightly  lower  than  those  achieved  by  DCSP-TIG 
and  were  less  consistent  among  samples  given  the  same  treatment. 

The  rehouse  of  various  parent-metal  filler-metal  combinations  to  post- 
weld  aging  treatments  is  shown  in  Table  IV  her'?  the  effect  of  aging  treatment 
and  filler  metal  on  the  strength  of  welds  in  both  bulge  and  tensile  tests  is 
apparent.  Two  trends  are  particularly  noteworthy.  First,  under  the 
conditions  of  dilution  achieved  by  the  welding  methods  in  this  test  there  appears 
to  be  little,  if  any,  advantage  of  using  filler  mdal  stronger  than  13516  (4 
2  Zn).  Alloys  of  higher  Zn  and/or  Mg  content  did  not  increase  weld  strength. 
All  full-section  and  most  reduced-section  samples  failed  outside  the  bead. 

In  addition,  filler  metals  containing  either  higher  Zn  or  less  Mg  tiian  1676 
had  increased  sensitivity  to  hot-short  weld  cracldi^,  makii^  them  more 
difficult  to  use  in  productiem  conditions.  The  low  ratio  os  bulge  strength  to 
tensile  strei^th  was  quite  apparent  for  those  combinations  of  filler  metal 
and  aging  treatment  that  produced  less  ductile  welds.  Figure  9  shows  the 
effect  Of  aging  treatment  on  the  tensile  and  bulge  strengths  of  welds  in 
1/8-in.  7178-T6  with  a676  fiUer. 
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Special  Tensile  Tests 

The  bulge  test  imposes  equal  biaxial  stresses  on  test  specimens,  and 
the  usual  tensile  test  involves  primarily  uniaxial  stress.  Most  rocket  cases 
and  other  pressure  vessels  are  cylindrical,  and  with  internal  pressure 
develop  iK}op  stress  about  twice  the  loi^tudinal  stress.  Fabricating  and 
testing  cylindrical  pressure  vessels  is  costly,  and  it  is  difficult  to  produce 
welds  as  good  as  those  in  flat  sheet  without  using  costly  fixtures.  Previous 
experience  showed  that  bulge  tests  were  oetter  than  tensile  tests  to  predict 
performance  of  cylindrica*  ’*essels,  but  correlation  was  not  as  good  as 
desired. 

The  special  tensile-type  specimens  shown  in  Figure  2  were  devised  in  an 
attemi^  lo  provide  a  simple  test  that  would  predict  performance  under  unequal 
biaxial  stress.  The  short,  wide  type  A  sjiecimen  was  designed  to  develop 
biaxial  stress  imder  uniaxial  load.  Biaxial  strains,  measured  at  the  center, 
showed  the  longitixiinal  stress  was  about  2-1/2  times  the  transverse  stress. 
Because  of  stress  concentration,  however,  longitudinal  -Presses  at  the  edges 
of  the  specimen  were  about  twice  that  at  the  center.  These  specimens  failed 
at  low  nominal  stress  when  the  imigitudinal  edge  stress  rt.  ached  the  tensile 
strength  typical  Icr  standard  tensile  spec  imens.  Type  A  specimen  was 
abandoned  as  unsuitable,  since  it  did  not  produce  the  desired  stress  pattern. 

Occasisoally  it  has  been  proposed  that  welded  hi^i-strength  alloy 
structures  cdten  fail  at  lower  noirinal  stress  than  tensile  sp  mens 
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because  a  Icag  lei^th  of  weld,  more  likely  to  contain  defects,  is  tested. 
Specimen  type  C,  Figure  2,  was  used  to  test  a  I5-in.  weld  under  uniaxial 
tension,  and  strei^ths  were  compared  with  those  oi  type  B  specimens  that 
were  1-1/2  in.  wide.  For  as- welded  1/8-in.  71i8-T6  wi-n  5556  filler,  the 
wide  and  narrow  ^ecimens  gave  nearly  identical  strengths.  MIG  welds 
averaged  47. 5  KSl  TS  for  the  narrow  specimens,  48. 8  KSI  TS  for  the  wide. 
TIG  welds  averaged  51. 1  KSI  TS  and  54. 7  KSI  TS,  respectively,  for  the 
narrow  and  wide  ^>ecimen5.  Ten- inch  elongation  was  about  0. 1-0.2  per  cent, 
just  eqiial  to  or  less  than  the  permanent  offset  used  to  determine  yield 
strength.  Base  metal  properties  were  88. 1  KSI  TS,  9. 9  per  cent  10-in. 
i  elongation. 

None  of  these  specimens  was  more  suitable  to  predict  structural 
performance  than  the  stanoard  tensile  and  bulge  tests.  Emphasis  in  this 
portion  of  the  investigation  has  been  shifted  to  a  comparison  among  standard 

1 

tensile,  oulge,  and  cylindrical  pressure  vessel  tests.  Strain  gages  are  being 
used  to  determine  if  stress  distribution  in  structures  having  welds  of 
relatively  low  ductility  is  markedly  different  from  unwelded  or  ductile 
welded  structures. 

Microstructures 

Figure  10  shows,  at  iow  magnification,  a  typical  weld  in  7178- T6  and 

i 

the  specific  areas  selected  for  examination  at  higher  magnificatimi. 

The  weld  oeads  (Area  A)  in  both  as- welded  (Figure  11)  and  post-weld 
aged  (Figure  12)  7178  alloy  had  small  dendritic  structures  that  were 
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typical  of  fast-chilled  -Arelds.  No  changes  identifiable  under  the  light 
microscope  occurred  during  post- weld  aging  The  heterogeneous  structure 
shows  a  considerable  amount  cT  Zn-  Mg-Cu  rich  material  out  of  solid 
soiuti(».  A  small  amount  probably  was  taken  into  solution  during  the  short 
inter\’al  the  weld  was  in  the  heat  treating  temperature  range  during  cooling. 

An  extremely  small  interdOKiritic  spacing,  however,  would  be  required  to 
achieve  homogeneity,  since  the  weld  cools  through  the  solution  heat  treatii^ 
temperature  range  in  a  few  seconds  (Ref  3} . 

The  transition  zcae  between  cast  and  wrought  metal  (Area  B)  is  shown 
in  Figure  13.  Some  isolated  pockets  of  high  Zn- Mg-Cu  constituent  in  the 
predominantly  wrought  structure  at  the  left  show  that  this  region  reached  a 
temperature  higher  than  the  solidus  of  the  parent  metal,  causing  partial 
meltii^.  Although  this  temperature  was  high  eiaugh,  under  equilibrium 
conditions,  to  redissolve  the  One  precipitate  found  in  -T6  temyer  narenl 
metal,  much  of  it  remained.  Upon  aging,  visible  precipitate  increased  only 
in  the  wrought  metal. 

Area  C,  which  showed  little  if  any  partial  melting,  attained  a  tcmpcralurc 
I'ligh  eno-^h  to  redissolve  some  precipitate  (Figure  i-5):  TIm‘  amount  of 
precipitate  increased  noticeably  on  post-weld  agi.ig  (Figure  15):'  This  is 
the  area  in  which  failure  normally  occurred  in  jx»lh  as-welded  and  "ost-wcld 
aged  joints.  The  increased  precipitation  hardening  on  aging  ai^iears  to 
account  for  the  higher  strength  achieved  by  aged  welds. 

Fine  precipitation  not  clear^  rq^oductioiT of 


The  over-aged  zone,  area  D,  isas  heated  during  weiding  to  a  moderate 
temperature,  »-hich  caused  precipitation  of  more  of  the  alloying  constituents 
(Figure  16)  than  in  the  -T6  temper  base  metaL  Figure  1?  sbotrs  that  this 
over-aged  zone  was  not  visibly  affected  by  post-weld  aging  at  212"F.  Althou^ 
some  loss  of  strei^h  must  have  occurred,  this  area  remained  stronger  than 
area  C. 

The  unaffected  base  metal  further  from  the  weld  than  area  D  was  not 
examined  since  no  significant  change  in  structure  or  properties  was  epqpected. 

Welds  in  7075- T6  were  similar  in  appearance  to  those  in  7176-T6,  but 
some  important  differences  were  noted.  In  area  C  (Figures  18  and  19),  7075 
sliowed  less  precipitate  than  7178,  both  before  ar^  after  aging,  and  on  aging 
nad  a  smallei  increase  in  precipitation,  .^rea  D  behaved  similarlv 
(Figures  20  and  21).  In  both  areas,  grain  boundaries  were  more  heavily 
outlined  for  7075  than  7178.  This  conditiem  seems  to  correlate  with  the 
generally  lower  ductility  and  bulge  height  of  welded  7C75. 

Resistance  to  Corrosion 

The  solution  potential  survey  pro»’ides  a  rapid  method  to  predict 
corrosion  behavior  of  welds.  Areas  of  highest  ne^tive  potential  (anodes) 
corrode  preferentially  to  protect  those  of  lower  potential  (cathodes). 

In  a  weld,  the  optimum  condititm  is  to  have  the  weld  bead,  heal 
allectcd  z«nes,  and  base  metal  all  the  same  potential  to  avoid  selective 
attack.  Next  best  is  to  have  the  weld  area  cathodic  to  the  base  metal  so 
that  the  small  weld  area  is  protected  by  the  relatively  large  area  of  anodic 
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base  metal.  An  anodic  Tsreld  area  is  least  desirable,  since  this  small  area 
will  corrode  rapidly,  attempting  to  protect  the  large  area  of  cathodic  base 
metal.  The  depth  of  selective  attack  tends  to  increase  with:  (1)  difference 
in  potential,  and  (2)  reduction  in  anode  area. 

Solution  potentials  were  measured  at  the  center  of  the  weld,  i/8-in.  from 
the  edge  of  the  weld  and  4-in.  from  the  weld  in  unaffected  base  metaL  The 
unmasked  areas  in  contact  with  the  J^Cl-ILC^  solution  were  strips  about 
1/8  in.  wide,  parallel  to  the  weld.  All  readings  were  stable  witiun  two  bouri> 
after  immersion. 

As  shown  in  Figures  22  and  23.  the  heat  affected  zones  of  as- welded 
7075- T6  and  7178-T6  were  strongly  anodic.  In  corrosive  environments, 
welds  in  7075  would  probably  show  preferential  attack  in  the  heat-affseted 
zone.  Welds  in  7178  should  e^qjerience  severe  local  attack  since  the  heat- 
affected  zone  was  quite  anodic  to  both  weld  bead  and  base  metal.  Aging  24 
hours  at  212*F  reduced  the  spread  in  potentials  slightly,  but  selective 
corrosion  in  the  weld  area  still  would  be  expected.  In  both  the  as-welded 
and  aged  24  hrs  at  212®F  remditions,  ihe  potentials  observed  in  the  weld 
and  heat-affecied  zones  correlated  well  with  the  established  typical 

pc-tentials  for  solution  heat  treated,  unaged  base  metal  (7075- W - 870  m.v.). 

Potentials  of  the  base  metal  were  not  significantly  affected  by  post  weld 
aging.  The  loiter  time  or  step  aging  treatments  gave  much  more  uniform 
sohition  potentials  among  the  several  areas.  -All  should  eliminate  or 
greatly  reduce  selective  attack,  since  the  weld  areas  either  had  the  same 

1 
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potentiai  as  oi'  were  slightly  cathodic  to  the  base  metal. 

To  achieve  the  optim'jtm  combination  of  predicted  corrosion  resistance 
and  strength,  it  presently  appears  that  welded  7075- T6  should  be  aged 
168  hrs  at  2i2“F  and  welded  7178-T6  aged  8  hrs  at  212*^  plus  3  hrs  at  325‘’F. 
This  is  a  tentative  recommendation,  since  actual  corrosion  tests  and  stress 
corrosion  tests  are  still  in  progress. 


CONCLUSIONS 


L  Tensile  strengths  of  72,000  psi  can  be  achieved  in  welded  7178-T6 
alominu.'n  sheet  by  DCSP-TIG  welding  with  Al^  4-- Mg,-  2  Zn  filler 
metal  and  post- weld  aging. 

2.  Al-Zn-&fg-Cu  alloys  7178  and  7075  are  more  difficult  to  weld  than  most 
Al-Cu  allays,  but  sound,  crack-free  welds  are  stronger  in  b  *»  as- 
welded  and  post- weld  aged  conditions. 

3.  Direct  current  straight  polarity  tungsten  arc  welding  with  helium 
shielding  is  preferred  to  ^ray  tranrfer  or  short-arc  cmisuniable 
electrode  welding  for  consistently  high  strei^th  welds. 

4.  Anticipated  resistance  to  corrosion  of  welded  7075  and  7178  alloy 
sheet  is  imprcFved  by  post  weld  aging. 

5.  The  hydraulic  bulge  test  is  presently  the  most  satisfactory  singjle 
test  to  biaxiail}.*  stress  welds  in  high  strength,  heat  treatable  aluminum 
alloys. 

6.  Improi'fcd  base  metals  and  filler  metals  are  required  to  reduce  cracking 
and  increase  strength  and  ductility  of  welds  in  Al-Zn-Mg-Cu  t3q>e 
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RECOMMENDATIOIg  FOR  FUTintE  VfORK 
It  is  recommended  that  future  attention  be  directed  toi^ard  the  foUomng 

^ecific  programs: 

L  Evaluate  effect  of  base  metal  grain  size,  cell  size,  and  grain  orientatiOD 
on  veld  strength  and  ductility. 

2.  Develop  improved  Al-Zn-h^-Cu  ijpe  base  metals  and  filler  metals  to 
reduce  veld  cracking  and  increase  veld  strength  and  ductility. 

3.  Survey  test  methods  to  improve  accuracy  of  predictii^  full-scale 
structural  performance  of  velds  is  high-strength,  heat  treatable 
aluminum  alloys. 

4.  Improve  velding  methods  to  achieve  highest  strength,  reliable  welds. 
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PROPERTIES  OF  WELDS  IN  7075  AND  7178  ALLOY  SHEET 

(Weld  Bead  Intnct)>i; 

AVERAGES.  MINIMUM  OF  3  BULGE  TESTS,  3  TENSILE  TESTS 
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Area  B,  TransitiJ)n  Zone,  7178-T6  Base  Metal  ^76 


Filler,  Aged  168  hrs  at  212!  F. 
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Area  C,  Heat  Treated  Zone,  7178-T6,  As- Welded 
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Area  C,  Heat  Treated  Zone.  7178-T6,  Post  Weld 
.Aged  168  hrs.  at  212 ’F 
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Figure  18 

Nee  130195  '  500X 

Area  C,  Heat  Treated  Zone.  7075-T6,  As- Welded 


Figure  19 

Neg  130183  5G0X 

Area  C,  Heat  Treated  Zone,  7075-T6,  Post  Weld  Aged 
168  hrs  at  212 ’F. 
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Neg  130196 

Area  D,  Oi-eraged  Zone, 
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7075-T6,  As-Welded 


Ficure  21 

Neg  13018'' 

Area  D,  O’.craged  Zone,  7075-T6 
168  hrs  ai  212  F. 
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